Abstract Phospholipase A 2 (PLA 2 ) belongs to class of lipolytic enzymes (EC 3.1.1.4). Lysophosphatidic acid (LPA) and free fatty acids (FFAs) are the products of PLA 2 catalyzed hydrolysis of phosphoglycerides at sn-2 position. LPA and FFA that act as second mediators involved in the development and maturation of plants and animals. Mining of flax genome identified two phospholipase A 2 encoding genes, viz., LusPLA 2 I and LusPLA 2 II (Linum usitatissimum secretory phospholipase A 2 ). Molecular simulation of LusPLA 2 s with already characterized plant sPLA 2 s revealed the presence of conserved motifs and signature domains necessary to classify them as secretory phospholipase A 2 . Phylogenetic analysis of flax sPLA 2 with representative sPLA 2 s from other organisms revealed that they evolved rapidly via gene duplication/deletion events and shares a common ancestor. Our study is the first report of detailed phylogenetic analysis for secretory phospholipase A 2 in flax. Comparative genomic analysis of two LusPLA 2 s with earlier reported plant sPLA 2 s, based on their gene architectures, sequence similarities, and domain structures are presented elucidating the uniqueness of flax sPLA 2 .
Introduction
Phospholipase A 2 is a large superfamily of lipolytic enzymes categorized by their ability to catalyze the hydrolysis of the 2-acyl ester bond of phosphoglycerides. Despite availability of detailed molecular information for animal phospholipases, knowledge and function of phospholipase A 2 from plants are meagre (Wang 2001) . Lipids are important components of plant cell membrane and are hydrolyzed at an accelerated rate by phospholipases during stress to generate signaling molecules such as phosphatidic acid (PA), diacylglycerol (DAG), lysophospholipids (LPLs), and free fatty acids (FFA). These molecules (PA, DAG) act as second messengers to elicit various cellular processes. With increasing understanding of lipid signaling and their regulatory roles during stress, structural and evolutionary analysis of PLA 2 has gained impetus. PLA 2 s have been classified into different classes based on function, molecular structure, and conserved domain annotation. On the basis of their structure and function, PLA 2 s are divided into five classes: (1) secretory phospholipase A 2 (sPLA 2 s), (2) calcium-dependent cytosolic phospholipase A 2 (cPLA 2 s), (3) calcium-independent cytosolic phospholipase A 2 (iPLA 2 s), (4) platelet-activating factor acetyl hydrolases (PAF-AH), and (5) lysosomal phospholipase A 2 (Six and Dennis 2000) . Based on molecular structure, PLA 2 s have further been classified into 15 groups (I-XV). Group IA, IB, IIA, IIB, IIC, IID, IIE, IIF, III, V, IX, X, XIA, XIB, XIIA, XIIB, XIII, and XIV are assigned to secretory phospholipase A 2 . Group IV is assigned to calcium-dependent cytosolic phospholipase A 2 , group VI is assigned to calcium-independent cytosolic phospholipase A 2 , and groups VII and VIII are assigned to platelet-activating factor acetyl hydrolases (Schaloske and Dennis 2006) .
On the basis of conserved domains, phospholipase A 2 are grouped into two major families viz, cd00618 (PLA 2 _like) and pfam00068 (Phospholipase_A 2 _1). Based on in silico annotated conserved domain collection the cd00618 family is categorized into five distinct sub-families (Nevalainen et al. 2012 ) such as ''(1) the cd04704 PLA 2 _bee_venom_like: phospholipase A 2 , similar to bee venom; (2) the cd04705 PLA 2 _group_III_like: PLA 2 , similar to group III PLA 2 ; (3) the cd04706 PLA 2 _plant: plant specific phospholipase A 2 ; (4) the cd04707 octoconin_90: phospholipase A 2 _like domain present in octoconin_90 and octoconin_95; and (5) the cd00125 PLA 2 c: secretory and cytosolic phospholipase A 2 ''. Furthermore, the pfam00068 collection is sub-divided into two distinct sub-groups; (1) pfam06951 PLA 2 G12, group XII secretory phospholipase A 2 precursor and (2) pfam09056 phospholip_A 2 _3: prokaryotic phospholipase A 2 domain found in PLA 2 of bacteria and fungi (Nevalainen et al. 2012) .
Among all PLA 2 s, secretory phospholipase A 2 are most extensively studied. Plant sPLA 2 s are placed in group XI and are further classified into sub-groups XIA and XIB (Six and Dennis 2000) . The plant sPLA 2 s belong to cd04706 sub-family of cd00618 collection (Marchler-Bauer et al. 2011) . Based on the presence of conserved tyrosine, glycine and aspartic acid residues in the calcium binding site, and histidine residue in the active site motif, cd40706 domain has been identified in the sPLA 2 s of Alphaproteobacteria of phylum Proteobacteria such as Methylobacterium extorquens and phylum Firmicutes such as Bacillus cereus and Streptococcus equi. Few patatin-like PLA 2 s have also been identified (Scherer et al. 2010) .
Secretory phospholipase A 2 are low-molecular-weight proteins ranging from 15 to 19 kDa (Schaloske and Dennis 2006) . All plant sPLA 2 s contain 12 Cys residues that form six intramolecular disulfide bridges (Six and Dennis 2000) , a signature phospholipase A 2 (PA2c) domain containing Ca 2? binding loop (YGKYCGxxxxGC), a catalytic site motif (DACCxxHDxC) characterized by highly conserved His/Asp dyad (Lee et al. 2005; Mansfeld et al. 2006) , and an N-terminal signal peptide required for secretion into target tissue.
In plants, sPLA 2 s are known to be associated with numerous biological processes leading to growth (Lee et al. 2003) and development (Kim et al. 1999; Lee et al. 2010) . They are also known to be involved in plant's response to wounding (Pohnert 2002) , programmed cell death (ReinaPinto et al. 2009 ), and abiotic stress (Scherer et al. 2010) . Although all sPLA 2 s share a common enzymatic mechanism involving the canonical histidine residue, plant sPLA 2 s share homology with their animal counterparts only in the catalytically important Ca 2? binding loop and the active site motif (Lee et al. 2005) . Regardless of similarity in conserved domain region, the origin and emergence of plant sPLA 2 s compared to animal sPLA 2 s needs elucidation.
Recently, genomic information about flax (Dash et al. 2014 Wang et al. 2012 ) other field and plantation crops (Dash and Rai 2016) has accumulated in the literature, but role of phospholipases and their evolution has not been investigated. Thus, our work focuses on understanding the origin and evolution of secretory phospholipase A 2 in flax and their conservation among plant PLA 2 superfamily. We bioinformatically explored on identification of conserved domains in representative collection of sPLA 2 s belonging to annotated protein sequences from ten different plant families, bacteria, and animals. Subsequently, position of flax sPLA 2 s within the existing model of origin and evolution of secretory phospholipase A 2 were compared to representative sPLA 2 s of each sub-family of cd00618 collection for similarity and evolution analysis.
Methods

Sequence retrieval from database
The amino acid sequences for sPLA 2 s were retrieved from the publicly available protein repository of the NCBI database (http://www.ncbi.nlm.nih.gov). sPLA 2 annotated sequences from ten different plant families, viz., Brassicaceae, Caryophyllaceae, Euphorbiaceae, Fabaceae, Malvaceae, Poaceae, Rutaceae, Saliaceae, Solanaceae including Linaceae, and venom were used for analysis. The amino acid sequence of secretory phospholipase A 2 from sub-families of cd00618 collection, viz., cd00125, cd04704, cd04705, cd04706, and cd04707 as identified earlier (Nevalainen et al. 2012) were also retrieved from NCBI.
Conserved domain search
The conserved domains of flax sPLA 2 s were identified using the NCBI Conserved Domains Database CDDv3.14-47363 PSSMs annotation using default parameters. The conserved domain region of representative sPLA 2 of cd00125, cd04704, cd04705, cd04706, and cd04707 collections was identified using NCBI's Batch CD-search (Marchler-Bauer et al. 2011) . Histidine and aspartic acid active site protein motifs were identified based on the PROSITE database (http://au.expasy.org/prosite) pattern annotation.
Homology search
The similarity of flax sPLA 2 s with known plant sPLA 2 s and bacterial sPLA 2 belonging to phylum Proteobacteria and Firmicutes (cd04706) and representative sPLA 2 of each sub-family of cd00618 collection were searched and visualized using Circoletto (Darzentas 2010 ) with a selected E value of 10 -5 (normal) with default parameters and untangling of ribbons switched off.
Phylogenetic analysis
Multiple protein sequence alignments were carried out for flax, known plant, and snake venom sPLA 2 s using MAFFT version 7.271 program (Katoh and Standley 2013) with L-INS-I strategy, BLOSUM62 scoring matrix for amino acid, and 1.53 gap opening penalty. Output was generated in Phylip format. A similarity score for each residue of the aligned sequences was calculated by ESPRIPT 3.0 with default parameters (Robert and Gouet 2014) . Phylogenetic analysis was performed using amino acid sequences of sPLA 2 s from 67 different plant taxa and snake venom to evaluate the evolutionary relationship among them. The amino acid alignment produced by MAFFT was submitted to modelgenerator_v_8. 51 for selecting the best model for amino acid substitution (Keane et al. 2006) . Phylogenetic analysis was performed using PhyML v3.0 with an improved version of NJ (Neighbor Joining) called BioNJ. Tree topology was searched using Nearest Neighbor Interchanges (NNIs) algorithm (Guindon et al. 2010) . The JTT substitution model and four gammadistributed rate categories to account for rate heterogeneity across sites were employed. The gamma shape parameter was estimated directly from the data and analysis was performed using 1000 bootstrap replicates. The proportion of invariable sites was fixed. The tree was obtained in Newick format. Graphical representation of the phylogenetic tree was performed by i-TOL (http://itol.embl.de/). The comparison of flax sPLA 2 s and representative sPLA 2 s from each sub-family of cd00618 collection was performed using MAFFT-win and visualized using ESPRIPT with default parameters. The phylogenetic relationship among them was deduced using MEGA6 (Tamura et al. 2013) . A maximum-likelihood (ML) tree was constructed to identify the position of flax sPLA 2 s in the existing model of origin and evolution of sPLA 2 belonging to cd00618 collection as described earlier (Nevalainen et al. 2012 ).
Result and discussion
Flax is a multipurpose high value cash crop. It is mainly grown for its seed oil and fine fiber linen (Dash et al. 2014; Shivaraj et al. 2017) . Recently, it has gained importance as a health booster and nutraceuticals. Secretory phospholipase A 2 have been isolated from a number of organisms including bacteria, fungi, and plants, but information from flax is lacking. Among plants, sPLA 2 s have been identified from elm (Ulmus glabra) (Stahl et al. 1998) , tobacco (Nicotiana tabacum) (Fujikawa et al. 2005) , rice (Oryza sativa) (Stahl et al. 1999) , arabidopsis (Arabidopsis thaliana) (Lee et al. 2003) , carnations (Dianthus caryophyllus) (Kim et al. 1999) , wheat (Triticum durum) (Verlotta et al. 2013) , and soybean (Glycine max) (Mariani et al. 2012) . A few patatin-like PLA 2 s have also been isolated from plants (Scherer et al. 2010) . Initially, sPLA 2 s were classified into only two groups GI and GII, but later on, sPLA 2 s were classified into GI/II/V/X. sPLA 2 superfamily has expanded over past years due to identification of conserved domains from various organisms and now sPLA 2 s are grouped into GI/II/III/V/IX/X/XI/XII/XIII/XIV.
The Conserved Domain Database (CDD) identified the signature (PA2c) domain of secretory phospholipase A 2 in LusPLA 2 I and LusPLA 2 II. The PA2c domain was characterized by calcium binding loop and catalytically active motif containing His/Asp dyad (Fig. 1) . Sequence alignment using MAFFT tool and visualization with ESPRIPT 3.0 also revealed the presence of the conserved calcium binding loop and catalytic site motif. The His/Asp dyad in the catalytic site motif was also identified along with other conserved amino acids involved in calcium binding and catalysis (Fig. 1) .
Amino acid sequences of plant sPLA 2 s were submitted to Circoletto (Darzentas 2010) to deduce the similarity among them (Fig. 2a) . The amino acid sequences of LusPLA 2 I and LusPLA 2 II revealed 34% identity among them. LusPLA 2 I showed only 29% identity with venom sPLA 2 . LusPLA 2 I showed maximum similarity to Arabidopsis lyrata sPLA 2 (70%), whereas LusPLA 2 II showed maximum similarity to Oryza sativa sPLA 2 (65%) (Supplementary Table 1 , 2). Sequence similarity of LusPLA 2 s with nine different plant families showed more similarity to Brassicaceae (Arabidopsis lyrata) and Poaceae (Oryza sativa) (Fig. 2b) .
A phylogenetic tree based on the amino acid sequence similarities between flax sPLA 2 s and known plant sPLA 2 s was proposed to ascertain their position in group XI (Fig. 3) . Phylogenetic analysis was performed using the maximum-likelihood method and the optimal substitution model. The Akaike information criterion (AIC) and Bayesian information criterion (BIC) (Posada and Buckley 2004) evaluation for 96 protein substitution models with four gamma categories using modelgenerator_v_8. 51 revealed that JTT (Jones et al. 1992 ) was the best model with highest AIC and BIC value of 74,907.8221 and 75,945.8485, respectively, for phylogenetic analysis of our data set. Based on phylogeny, sPLA 2 s belonging to 68 taxa were classified into three groups, viz., XI, PLA 2_ like proteins, and venom sPLA 2 (Fig. 3) . Among these three groups, snake venom sPLA 2 formed a separate group sharing common blood line with group XI sPLA 2 s. Earlier animal and plant sPLA 2 s have been reported to show similarities in the conserved domain region and evolution (Lee et al. 2005) . Group XI formed a separate class of sPLA 2 s and due to point mutations in the conserved catalytic domain, it was further sub-divided into groups XIA and XIB. These point mutations occurring during speciation event also separated group XI from PLA 2 _like proteins. Phylogenetic analysis revealed that cluster Fig. 1 Pairwise alignment of the amino acid sequences of LusPLA 2 I and LusPLA 2 II with multiple plant sPLA 2 s from ten different plant families and snake venom sPLA 2 comprising 68 protein sequences. Amino acid sequence of snake venom was included to evaluate the similarity with the animal counterpart. Highly conserved Cys residues are highlighted in red color. Conserved Ca 2? binding loop and catalytically active motif are also indicated. Triangles denote the amino acid residues involved in calcium binding; stars denote the amino acid residues involved in catalysis PLA 2 _like proteins evolved into distinct group from a common ancestor as the members of this group are less closely related to group XI of plant sPLA 2 s. Plant sPLA 2 s have been placed in group XI (Six and Dennis 2000) which is divided into sub-groups XIA and XIB as per PLA 2 superfamily numbering system (Burke and Dennis 2009). The sequence analysis (Fig. 1) revealed that LusPLA 2 s were placed in sub-group XIA and XIB. Alignment of LusPLA 2 protein sequences with known plant sPLA 2 s revealed that LusPLA 2 I is placed in group XIB along with isozymes of sPLA 2 from other analyzed plant species (Supplementary Table 1) .
Isoenzymes of sPLA 2 from multiple plant species were sorted in group XIA along with LusPLA 2 II as per their similarity (Supplementary Table 2 ). Isoenzymes from Arabidopsis thaliana, Brassica napus, Ricinus communis, Fig. 3 Phylogenetic tree of sPLA 2 depicting evolutionary relationship of sPLA 2 s from flax with orthologous plant and snake venome sPLA 2 s. Un-rooted phylogenetic tree represents total 68 sPLA 2 s protein sequences belonging to flax, known plants, and snake venom. sPLA 2 s from multiple origin were divided into three groups such as XI, PLA 2_ like proteins, and venom sPLA 2 . Flax sPLA 2 was grouped in cluster XI, LusPLA 2 I in XIB, and LusPLA 2 II in XIA. Venom sPLA 2 formed a separate branch of its own and was more similar to PLA 2_ like proteins. Evolutionary analysis revealed that though the sPLA 2 s belonging to different taxa segregated into three group, they evolved from a common ancestor. Color scheme indicates different sPLA 2 groups such as green color indicates sub-group XIB, blue color indicates sub-group XIA, orange color indicates group PLA 2 _-like proteins, and yellow color indicates venom sPLA 2 b Fig. 2 binding domain and catalytic motif on the basis of which they are divided into sub-group XIA and XIB. sPLA 2 s of sub-group XIA contain Arg or Gly and group XIB contains Asn or Ser residues as third Ca 2? coordinating amino acid (Fig. 1) . In addition, plant sPLA 2 s grouped within the subgroup XIA contain a His residue downstream to conserved active site His/Asp dyad, while those grouped into XIB contain Ser or Asn residue. The presence of Gly residue as third Ca 2? coordinating amino acid and His residue downstream to His/ASP dyad in LusPLA 2 II fits it into subgroup XIA. The presence of Leu residue as third Ca 2? coordinating amino acid and Ser residue downstream to His/ASP dyad in LusPLA 2 I (Fig. 1) appropriately fits it into sub-group XIB. In addition to this, the Ala residue of the conserved catalytic site motif (DACCxxHDxCV) is replaced by Ser residue (DSCCxxHDxCV) in LusPLA 2 I. Such a replacement has also been observed in Arabidopsis (Lee et al. 2003) .
Plant PLA 2 -like enzymes also contain the signature phospholipase A 2 (PA2c) domain comprising the Ca 2?
binding loop and active site motif but show minor deviation from features of a standard sPLA 2 . They contain only six Cys residues instead of 12 Cys residues, a feature similar to animal sPLA 2 that contain 5-8 Cys residues. Among the catalytic active motif, the His/Asp dyad is conserved, but the amino acid downstream to the His/Asp dyad is an Asp residue instead of His/ser/Asn residue (Fig. 1) . Conservation of the Asp residue in the downstream region of His/Asp dyad and presence of 6 Cys residues account for the similarity of plant PLA 2 _like proteins with animal sPLA 2 sequence. This is in line with Fig. 4 Analysis of conserved domains and phylogeny of sPLA 2 belonging to cd04706 sub-family. a % similarity among the conserved domain region of flax and bacterial sPLA 2 s of phylum Alphaproteobacteria and Firmicutes. % similarity is represented by color scheme, viz., blue color represents 25% similarity (worst), green color represents 50% similarity, orange color represents 75%, and red color represents more than 75% and similarity. b Pairwise alignment of the conserved domain region of flax and bacterial sPLA 2 s. Asterisks denote the amino acid residues involved in Ca 2?
binding and hashes denote the amino acid involved in catalysis. c Phylogenetic tree of flax sPLA 2 s and bacterial sPLA 2 s of phylum Alphaproteobacteria and Firmicutes. Evolutionary analyses reveal that the members of cd04706 collection bear common ancestor the placement of PLA 2 _like proteins closer to snake venom in phylogenetic tree (Fig. 3) .
Secretory phospholipase A 2 of organisms from all kingdoms of life have been classified into two families based on conserved domains, viz., the cd00618 and pfam00068 collection. Since the pfam00068 collection consists of PLA 2 s from bacteria, fungi, and animals with no representatives from plants, the members of this collection were not included in the study. The cd00618 collection contains sPLA 2 s belonging to bacteria, fungi, plants, and animals. Plant sPLA 2 s are grouped in cd04706 collection along with sPLA 2 s of bacteria belonging to phylum Proteobacteria and Firmicutes.
Amino acid sequence comparison in the conserved domain region of flax and bacterial sPLA 2 revealed that despite of being assigned to same cd04706 sub-family, they showed minimal similarity among them (Fig. 4a) . LusPLA 2 I showed high similarity (42%) to Clostridium botulinum of phylum firmicutes (Supplementary Table 3) , whereas LusPLA 2 II showed similarity (42%) to Methylobacterium nodulans of phylum Alphaproteobacteria (Supplementary Table 4 ). While the sPLA 2 of flax contained 12 Cys residue that can form six intramolecular disulphide bonds, sPLA 2 of bacteria (phylum Proteobacteria and Firmicutes) contain only 4-5 Cys residues capable of forming two disulphide bonds. The conserved His/ Asp dyad of catalytic active site was conserved in sPLA 2 s of flax and bacteria. The calcium binding residues, Tyr, Gly, and Asp, are also conserved among the sPLA 2 of cd04706 sub-family (Fig. 4b) . These features suggest that sPLA 2 of flax is structurally similar to sPLA 2 of bacteria. Phylogenetic analysis of sPLA 2 from plants and bacteria of Similarity and phylogenetic analysis of conserved domains of flax and representative sPLA 2 s of each sub-family of cd00618 collection. a % similarity among the conserved domain region of flax and representative sPLA 2 s of different sub-families of cd00618 collection. % similarity is represented by color scheme, viz., blue color represents 25% similarity (worst), green color represents 50% similarity, orange color represents 75%, and red color represents more than 75% and similarity. b Phylogenetic tree depicting the evolutionary relationship among representative sPLA 2 members of cd00125, cd04704, cd04705, cd04706, and cd04707 sub-families. The evolutionary analysis reveals that representative sPLA 2 s from different cd00618 sub-families evolved from a common ancestor. Plant and bacterial sPLA 2 s of cd04706 sub-family are grouped together. c Position of flax sPLA 2 s in the existing model of evolution of sPLA 2 s in the six kingdoms of life, viz., Animalia, Fungi, Plantae, Protista, Archeabacteria, and Eubacteria, belonging to different subfamilies of cd00618 collection the cd04706 collection suggests that eukaryote and prokaryote sequences share a common ancestor (Fig. 4c) . Prokaryotic sPLA 2 and plant sPLA 2 form distinct groups of their own suggesting that sPLA 2 of plant and bacteria evolved from a common ancestor through multiple speciation events. This common ancestor is suggested to be unidentified in the previous reports (Nevalainen et al. 2012) .
The analysis of amino acid sequence of conserved domain of flax and representative sPLA 2 of cd00125, cd04704, cd04705, cd04706, and cd04707 sub-families revealed that flax sPLA 2 s shows 70-50% similarity with known plant sPLA 2 , 45-35% similarity to bacterial sPLA 2 and 40-30% similarity to sPLA 2 from all other taxa ( Fig. 5a; Supplementary Table 5, 6 ). The phylogenetic analysis of representative sPLA 2 of cd00618 collections belonging to prokaryotic taxa, eukaryotic taxa, and flax, revealed that eukaryotic sPLA 2 share a common origin with their homologs in bacteria (Fig. 5b) . The conservation of amino acid residues involved in catalysis and Ca 2? binding suggests that sPLA 2 of various cd00618 sub-families share a common ancestor and evolved rapidly by multiple point mutations and gene duplication.
LusPLA 2 s fits well in the model of evolution for sPLA 2 as described earlier (Nevalainen et al. 2012) (Fig. 5c) . As per this model, cd04706 collection belongs to bacteria and plants and is absent in other organisms. The cd04706 collection is a distinct group of its own. The overlap between the already described model of evolution for sPLA 2 and phylogenetic analysis of flax sPLA 2 s with representative of various cd00618 collections supports the placement of flax sPLA 2 s in the existing model of evolution.
Our investigation was focused on elucidation of the origin and evolution of flax sPLA 2 . Phylogenetic analysis revealed that flax sPLA 2 s share their evolutionary origin with bacteria of phylum Alphaproteobacteria and Firmicutes. Flax sPLA 2 fits well in the existing system of classification proposed for sPLA 2 belonging to different phyla. Similarity and positioning of flax sPLA 2 with sPLA 2 from other taxa relate their evolution and prevalence in the genome to their primary function of phospholipid metabolism. Occurrence of two distinct isoforms of sPLA 2 in flax reflects that they are involved in multitude of roles such as flowering, pollen development, auxin signaling, PIN protein trafficking, and light induced stomatal opening leading to growth and development. sPLA 2 s are also known to be involved in wounding and pathogen attack and, besides validated genes against abiotic stress (Shivakumara et al. 2017) , recently, their involvement in abiotic stress such as salt and drought stress has been enlightened. We speculate that such analysis is important to understand the existence of different isoforms of sPLA 2 in flax and their involvement in varied signaling pathways and their cross-talks imparting tolerance for stress survival particularly drought as it is a major constraint in flax cultivation.
